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Spatial Arc Interpolation Analysis of Novel 5-DOF Hybrid Mechanism

WANG Xuelei ZHANG Bin XU Songbing LI Chuanjun WU Taiyu ZHANG Chunlong
(College of Engineering, China Agricultural University, Beijing 100083, China)

Abstract: A novel 2SPU + U + RRR 5-DOF hybrid mechanism with one 2-DOF parallel mechanism and
one 3-DOF serial mechanism was presented. This 5-DOF hybrid mechanism had advantages of large
workspace and high stiffness compared with traditional hybrid mechanism. A prototype of this hybrid
mechanism was constructed and it was equivalent to a U + RRR parallel mechanism, the analytic formulas
for solving its inverse/forward displacement kinematics were derived and the forward displacement was
derived based on D — H method. The unique solution of the inverse kinematics was determined based on
the shortest distance rule, and the correctness of the analytical expression of the inverse/forward
displacement kinematics was verified. The length of the two SPU active legs were derived based on the
rotation angle of the Hooke hinge, thus the analytic formulas for solving the inverse displacement
kinematics of the 2-DOF parallel mechanism was derived. Theoretical kinematics formulas and results
provided foundation for the control of the hybrid mechanism, structure optimization design, dynamics
performance analysis, manufacturing and applications and the study also enriches the application area of
lower-mobility parallel mechanisms. A novel interpolation algorithm for an arc based on equal radian data
sampling was derived, the calculation of interpolation algorithm was greatly simplified. In order to verify
the correctness of the interpolation algorithm for an arc, the experimental prototype and its control system
were built. The simulation result by Matlab and the experimental prototype result showed that the
interpolation algorithm for an arc was correctness and this algorithm had great application prospect.

Key words: parallel mechanism; hybrid mechanism; kinematics; arc interpolation algorithm
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- ARG AT AL E/ em K i 7 L AT EE £ /rad
P, p. a, a, a, 0, 0, 65 0, 65
0 -89 132 0 -1 0 -3.0924x10"" 0 -3.0473 x10 " 0 4.5140x107?
P 10 -94 137 0 -1 0 =-2.7173x10"" 9.1131x107% -2.3451x10"" 5.9448 x10"! 4.3624 x10 2
20 -99 142 0 -1 0 -2.3421x10"" 1.6864x10"" -1.5634x10"" 4.8158x10""  8.4195 x 10>




408 A Pl M ¥ 20174
#x3 U+RRRYIWEERKE
Tab.3 Forward kinematics of U + RRR series mechanism
- KT % ffy /rad A i 5 ir K PHAT 2L B /cm
. 6, 6, 0, 0, 05 a, a, a, P. P, P,
~3.0924 x10 ! 0 -3.0473 x10 ! 0 4.5140x107> 0 -1 0 0 -89 132
P, -2.7173x107" 9.1131x10°2 -2.3451x10"" 5.9448 x10 ! 4.3624x1072 0 -1 0 10 -94 137
P,  -2.3421x10"" 1.6864x10"" -1.5634x10"" 4.8158x10"" 8.4195x10°2 0 -1 0 20 -99 142
A2 M3 TTLE R 3 HALWE 3 4R hog
P51 A X R ) R S PR T g L B PR AR 53R 2 Pl 5o g
MR 3 2H 1 6 Y 7 B R A E e — 3, R°A< =TT, (30)
iz By 5 1F I ) I Aff 7 o 1” .
2.4 2SPU +U FEHMIEFNZE S . "
S s N R N T,—— S 21 Bl S ; AR &R
ok 13k U+ RRR B BEHLRE 6,0, 5.0 2o T2 :);i:'ff%ﬁﬁ;*ﬁﬁ?miﬁg
. - ST, . ” 5T IRAL
S A R4 TT SRt I I LA T F S B K 5 0, A .
. W] SPU 3K 31 43 > 14 BE Al KR hy
02 E/J?é/\o l |A B |

TERE-6 By s € AL bR & B X, Y, Z, 5 3)

M bR F Bouvw , Xo Bl 5 29 HOSCHE B R e B U Y [ 5
Wk E S, Z, S G L Y AR A T
SENBE su BhS X BT A, w T ByA T 16], v Bl
MR TR M E 18 A S B ARBR R Agxeo2,,
xo B AR A TR 18] 1AL BT 1] 2 BT BoA, T 1] Ly,
AR IR A TR B E , A1 2 BT R o AR I 20 T E
MebR F BoX Yo Z, 5 8 A b5 B Bouow T A HLAG 3D
547, H 0, =0,0, =0, 31 FR R Agxyy,z, 7E [E
SEAENRFR B XY Z, L E N (0,0,2) , Hh,Z g
FHSEEFEMPIRER. B (i=0,1,2) 1 E
MR AR B X, Y, Z, Ak bs

B, = (B, B, ,B,) =(0,0,0)

:B, = (B, ,B,,B.) = (rb/2,rb/2,0)

B, = (B, B, ,B,) =( —rb/2,rb/2,0)

(28)

A =0,1,2)TEG IR R Agwyoz, TALE N

A, = (A, ,A,,4,) =(0,0,0)

{Al =(A,,,4,,,4,.)) =(ra,0,0)
A,=(A,,4,,4,) =(-ra,0,0)
BB B s w BER: 0, SR )5 58 v Rl s
0, , H1 T P A7 722 45 0 [ S A X 5z s A bR R OB wow i
A1, ARG N ey A7 7 T S8 T, A5 AH L Y 5% ICE #

S

(29)

T, =T(u,0,)T(v,0,) =

cosf, 0 sinf, 0
sinf, sinf, cosf, —sinf,cosf, O
— cosf,sinf, sinf, cosf,cosf, O
0 0 0 1

W, B EE A (i=0,1,2) S7EREE AR
By X, Y, Z,HF LB AT R A

(BOAix _Bix)z + (BOAiy _Bi,‘)z + (BOAL': _Biz)z
(i=1,2) (31)

3 ZEESMEAEEAR

P T — b A T A5 SICRE B0 R A 1Y 4 T [ DA
AN T o BSR4 R AT S I RE B HI O )
Xf g 0 e TR IR AT L A b, AN 5 SR e (] IR L 7Y
T 5 R, L TG AL bR TR AL T AN R AR
o XTEOHA O, FTHEIEO<O<sm fl w<6<2m
PRI DL o

(D) XFFROA <0< HIEH

s R p, = (x,y,,2) H ks p, =
(%55, ,2,) AXBIRIE L py = (%,50,2,) , BRI
&4 R, A

vor. = by, = R (32)

AR YRR 1A R p, AR p, PLRELL py SRIBCE
IR EAE b AL p BOOLE AL AR, AN AL 6a FTaR . S
E IR A p, BNk S p, X B SR HEAT S5 SRS 43 ), I
3 DR BE AL, iy TR 5 H O M A O, R
SBORT Ty R 45 F RE 20 23 1) 77 125 00 18 IR AT 25 91 RE 40
o3 AR 2> B SIR AL TH5 58 U A B IBLE BT 5

p; P,

%
i

<Y
B,

(a)
6 2 [ 54 47 b Jit PR

Interpolation principle of space arc

Fig. 6



5 12 3]

EAw e T E W IR BRALAL B I #h T IR DA 409

B AN B, T AL 15 7 A J b 5 0 2 45
Py AR R AT
i I AR A p, I Ak A p, B L AR AR AT 5
H5% pop, BIRKE L,
L= /(2 ~x)" +(y, —y) +(z,-2)"  (33)
RAEEAE R Jesz A Lyt 5E RO B 5% pp, HHE
B H, R

H= |R* - (é) (34)

AR R DR ARG pop, BHKIE K

K =Ro (35)

M4 B 9 43 F0RG BE AL 1153 B A #h kB n
RY

BCER AN A py, S R p, B S X
pop. WIZETF A p! W) pop) (194K BE g
L H

L, =—- 37

PsPj 2 (’IT-G j@ ( )

tan +—

n

Hop] WAEHR
B l])_‘])}(xe -x,)
Xl =x, + -

L, (y.=v,)
yf=ys+% (38)

l/)‘p; ( 2, — 2 )

z2, =z +
B pop] K I
by = /(i =20) "+ (] =50) "+ (5-2)" (39

-90™

A po p) A p, SE2k BETT SR AG48 b A p, B2

bRk
R(x/-x,)
x]v:xo +7/
PoP;
R(y! -
yj,: 0+7(yj ?’o) (40)
PoP;
R(}’//—Zo)
Zj»:zo +7,
PoP;

()X TROMA <0 <27 G

5K p,p, XF W B0 m <@ <2m B O AN E 6b
JeR ORI IR pop, ERVHERD AL p,, T RER BLZR pop,
HEYE T pl K HE pp, 5B T A pl,
Wi, B 9K pop, B3 R BHK pop! YK plp! LA K B K
pip,, bR BRI XN 8O A N T, O
R BRI SR AT R R0 0 <0< X0 Y 1% O 3 4T
AR IH A TE B AN FERGE

R DL b 4 5 AT 5K > 46 b 5L py B AL B AR
B, R B A TR 3 28 45 b 1) 07 65 AT 30 e 0, i
AR AL A A2 9K 3l 56T e s AL F% o

4 ZEESIEAEERIE

4.1 [E5N#FH4ME % Matlab {5 B8

(1) XFEC A0 <o<m W15 O HEFT Matlab fi5
T B B A 1 A 2 B D AR BR A K p, =
(0, -89,142) .p, = (10, -89,132) Fl p, = (10,
-89,142) . B[ IN4> FIKG 9 AL =0.1 mm, 7E
Matlab w45 5 [B] 545 #0505 #2725 6 A9 [ 9 Bk
W 7a Frs .

155
150
£ 145
3
N 140
135

130
-88

20 20

10 Z 10
X[mﬂ -90 0 X""“

5

7 2 Ja] 15 A b B

Fig.7 Track charts of space arc interpolation

(2) XBE LA om< 0 <2m WY OLBEFT 3 90
Matlab {7 50 - BB 9 A 2 8 45 28 1k s R B0 A R 23
Sk p, =(10, -89,132) .p, = (0, - 89,142) Flp, =
(10, -89,142) . HZ p.p, FERK LS P IR 5 A A5
JHypl=(10, -89,152) , HZ p.p, ML 5 R ITAL
AR N pl = (20, -89,142) , fE Matlab H % %5 |5
I AN VR RE P, 2 1 B9 [ 9B an P 7h Frs

(3) 2zl — AR I I bR BN G 0 <0<
m SELGA <O <2 MR B0 ] B 4G AR 2

1E SRR IE]LC A B A, 7 Matlab o 4 5 22 1 4% 5] ) 5]
A+ , 22 B IR R an fE Te Fis o
4.2 FHEAEZXIREHENEIE

SR b A B OCHE R AR R AT B, S TR Y
2SPU + U + RRR 1. H B IR BE LA, # #5210 #F
BL,FE 6 R g8k iz 3 42 il = (DSP28335) + PC
BL” 0 J5 ik, LA PC BLPE A b A BL, a2 3l 45 il R
(DSP28335) &K FAi#L, H1 DSP28335 54| 4252 1%,
ARG T A R, R A B 2 7E 4R I S (B SR



410 & ol HLOM ¥ R 20174

o 7 vt b I A BV AT IR . A TT 2 8, SIS, BoE T b [ A 8 1 0 0
R CCSS. 5 25 P % 1% 166 WL 140325 20 43 o) N
TP AT 4 PR AL B, 52 B X LM 19 32 30 1 5 Hig

b, B 8 iz IR ER LA BT i i [ 9Bk . Hovh, ] 8a
IR LA O <0<, 15 90 AYD RS i 28 1k i A
DABRG N p, = (0, -89,142) \p, = (10, -89,
132) Ml p, = (10, — 89, 142) fr X Jif A =5 [A] [5 58 5
8bo E IR R L < 6 <2, HLIRIIR A& IR T 4
Ak R AR O A R 3 50 R p, = (10, —89,132) p, =
(0, —89,142) 1 p, = (10, - 89,142) Jir X Ji f) == [i]
152 9K 5 l§180 bk Wi/\I%A%ﬁﬁiﬁlo

9

e A 3R 5 S A7 D B 3k T A5 (B8] I A S5 I 4 e A CLYSE T T 3606 BLH = A 1

JE 3 HRALA F LAY T Ay B BCHLAG , Fh B A
JE T IBCATUAL 3 T AL AL 9 7R BCRE D MR, = A 1
R IGCATL AL S8 AL A T RE SR 35 1 A0 A s 1), A
X GEIRIR LA , % LAY AT 5 R AR 25 [ #13E i
W2

(2) T A th BER IR LI 2525 U + RRR H K
B, Xk 3 B ATLAL R AT 32 gl 7 E S o A, i s 1 3
ik E — fige 19 8 BN I B8 T 9z Bl A A AR A B
FEARIEYE. RIS RIA R e U Pl &
AL 60,.0, 383 A bR FEHROR AT T PIIK Bl 7 5 SPU
A 25 0, AL 9 3z gl 42 1 5 BRI SE Al

(3) i A2 %k T 52 2% il Th7 Ay 5 2L R
T — ol T S IO E B SR A 1A T T [ A e B
V5 %07 W0 B I G A% AT 45 DI RE B8 B 1, BHRTE

8 I £ 3% 40 TR JLARAR F h EAT , JOT A AR 4, TR AL 1 4 #h AR

Fig. 8 Experiment pictures of space arc interpolation VR B Sl 4 Matlab £ 20 R0 REHL 5236 303 T %
i P8 T LUt i Y (B oICRL I - 9 A6 4 B TR IERRYE

& % x Wt

MENG X D, GAO F, WU S F. Type synthesis of parallel robotic mechanisms: framework and brief review [ J]. Mechanism and
Machine Theory, 2014, 78 177 - 186.

LIM H, LEE S H, SO B R, et al. Design of a new 6-DOF parallel mechanism with a suspended platform [ J]. International
Journal of Control, Automation, and Systems, 2015, 13(4) . 942 -950.

PLITEA N, SZILAGHYT A, PISLA D. Kinematic analysis of a new 5-DOF modular parallel robot for brachytherapy [ J]. Robotics
and Computer-Integrated Manufacturing, 2015, 31 70 - 80.

KRR, Bk, £08, 4. 4-UPS/UPR MM 8 S12 3 01 [J/0L]. ML 2% 4k , 2014, 45(8) : 299 - 306. htip: //
www. j-csam. org/jesam/ ch/reader/view_abstract. aspx? file_no =20140848&flag = 1. DOI.10. 6041/j. issn. 1000-1298. 2014. 08.
0438.

GENG Mingchao, ZHAO Tieshi, WANG Chang, et al. 4-UPS /UPR parallel mechanism dynamic analysis [ J/OL]. Transactions
of the Chinese Society for Agricultural Machinery, 2014, 45(8) : 299 —306. (in Chinese)

DU X D, SHAO H K, CHEN Y J, et al. An online method for serial robot self-calibration with CMAC and UKF [ J]. Robotics and
Computer-Integrated Manufacturing, 2016, 42, 39 —48.

MUSTAFA A, KERIM C, SHI Z P, et al. Comparison of four different heuristic optimization algorithms for the inverse kinematics
solution of a real 4-DOF serial robot manipulator [ J]. Neural Computing and Applications, 2016, 27 825 - 836.

E&, ATk, THA % 7T Bl BERBILE NZ3F o T]. MU BT S %, 2016(8) : 8 —11.

WANG Meng, FU Tie, DING Hongsheng, et al. Kinematics analysis of a 7-DOF serial robot [ J]. Machinery Design and
Manufacture, 2016(8) : 8 —=11. (in Chinese)

BN, Do fl, SR SRBHLa APUORE TIE2 M 545 S BAT5T [1/0L]. el HLik2#4, 2013, 44(4): 196 -201.
http ; // www. j-csam. org/jcsam/ ch/reader/ view_abstract. aspx? file_no = 20130434 &flag = 1. DOI; 10. 6041/j. issn. 1000-1298.
2013.04.034.

TIAN Haibo, MA Hongwei, WEI Juan. Workspace and structural parameters analysis for manipulator of serial robot [ J/OL].
Transactions of the Chinese Society for Agricultural Machinery, 2013, 44(4) . 196 —201. (in Chinese)

LU Y, DAIZ H, YE N J. Dynamics analysis of novel hybrid robotic arm with three fingers [J]. Robotica, 2016, 34(12) ; 2759 -2775.

10 GUO W ], LI R F, CAO C Q. Kinematics, dynamics, and control system of a new 5-degree-of-freedom hybrid robot manipulator

11

[J]. Advances in Mechanical Engineering, 2016, 8(11): 1 —19.
ZHOU H, QIN Y, CHEN H, et al. Structural synthesis of five-degree-of-freedom hybrid kinematics mechanism [ J]. Journal of



5 12 3] EAw e T E W IR BRALAL B I #h T IR DA 411

12

13

14

15

16

18

20

21

22

23

24
25

Engineering Design, 2016, 27(4 -6) : 390 - 412.

WR, ZBAE, WRifE, S BET GF ZEHNR M I H B RN A A B ZE 4G (/0L ], Ol MUK 2=, 2015, 46 (11) .
392 -398. http: // www. j-csam. org/jcsam/ ch/reader/ view_abstract. aspx? file_no =20151153&flag =1. DOI: 10.6041/j. issn.
1000-1298.2015.11.053.

CAO Yi, QIN Youlei, CHEN Hai, et al. Structural synthesis of 5-DOF hybrid mechanisms based on GF set [ J/OL].
Transactions of the Chinese Society for Agricultural Machinery, 2015, 46(11) : 392 -398. (in Chinese)

AR, RH, Eiff, S, Tricept MMM 19 BB g vERe (1], BUARBIH 5 RF5E, 2012, 28(6) : 23 -29.

SHENG Dongyi, ZHAO Yong, WANG Hao, et al. Kineto-elastic-dynamics (ked) analysis of Tricept parallel mechanism [ J].
Machine Design and Research, 2012, 28(6): 23 —=29. (in Chinese)

HUANG T, LIT M, ZHAO X M, et al. Conceptual design and dimensional synthesis for a 3-DOF module of the TriVariant-a
novel 5-DOF reconfigurable hybrid robot [ J]. IEEE Transactions on Robotics, 2005, 21(3) . 449 —456.

LIU HT, HUANG T, ZHAO X M, et al. Optimal design of the TriVariant robot to achieve a nearly axial symmetry of kinematic
performance [ J]. Mechanism and Machine Theory, 2007, 42(12) . 1643 —1652.

M, W, WA, F R R B BRI T AR R ARG AT, hEALM LA, 2011, 22(16) :
1900 - 1905.

LI Bin, HUANG Tian, ZHANG Limin, et al. Conceptual design and dimensional synthesis of a novel 5-DOF hybrid manipulator
[J]. China Mechanical Engineering, 2011, 22(16) : 1900 — 1905. (in Chinese)

AN, VFAk, RO, S OTD A R BEIRIKALAS A3 8l Jr o [J/0L]. R LA =4, 2017, 48(9): 384 -391.
http: // www. j-csam. org/jcsam/ch/reader/ view_abstract. aspx? file_no = 20170949 &flag = 1. DOI; 10. 6041/j. issn. 1000-1298.
2017.09.049.

ZHANG Dongsheng, XU Yundou, ZHAO Yongsheng, et al. Inverse dynamic analysis of novel 5-DOF hybrid manipulator [ J/
OL]. Transactions of the Chinese Society for Agricultural Machinery, 2017, 48(9) : 384 —=391. (in Chinese)

EARR, MBE, RS B8 3T2R Rl TR BKIUR S 1R [ J]. PR TR 244, 2016, 52(15) : 81 -90.

WANG Shusen, MEI Ying, LI Ruiqin. Solving dynamics for a novel 3T2R gantry hybrid machine tool [ J]. Journal of Mechanical
Engineering, 2016, 52(15): 81 —=90. (in Chinese)

R, TR 2 A R I S A S S Sk [T ] AR LR S A s ein LR ,1993(3) - 2 -6.

GAO Hongqing, Bin Hongzan. Theory and algorithm of space circular are transformation interpolation [ J]. Modular Machine Tool
and Automatic Manufacturing Technique, 1993(3): 2 -6. (in Chinese)

FRF, HAER. BT ch R DDA 25 [ [ G A [T ], MLt 5HliE, 2007(9) : 164 - 165.

WANG Zhongping, TIAN Zuohua. DDA 3D circular interpolation based on vector [ J]. Machinery Design and Manufacture, 2007
(9): 164 —165. (in Chinese)

ZERETT, WM. BT E B IR R Sylvester 520k 6 B B BEHL AR N IB B KM AT [T]. Al TR, 2015,
31(20) . 48 —54.

LI Shenggian, XIE Xiaopeng. Analysis of inverse kinematic solution for 6R robot based on screw theory and Sylvester resultant
[J]. Transactions of the CSAE, 2015, 31(20): 48 —54. (in Chinese)

FEA, BRI, B, & 2R RIS AU TZ 0% 5081 55 [ 1701 ], ol LA %4 ,2016,47 (12)
14 -29. hitp: // www. j-csam. org/jcsam/ch/reader/view _abstract. aspx? file_no = 20161203&flag = 1. DOI: 10. 6041/j. issn.
1000-1298.2016. 12.003.

LI Guoli, JI Changying, GU Baoxing, et al. Kinematics analysis and experiment of apple harvesting robot manipulator with
multiple end-effectors [ J/OL]. Transactions of the Chinese Society for Agricultural Machinery, 2016, 47 (12): 14 —29. (in
Chinese)

W2, BEK, TIEM, & —FoS 8 iDL NS 3% a0 b = 4E T e B LT ] P E AL AR, 2016, 27(13)
1726 - 1731.

GAO Yi, MA Guoqing, YU Zhenglin, et al. Kinematics analysis of an 6-DOF industrial and 3D visualization simulation [J].
China Mechanical Engineering, 2016, 27(13) : 1726 —1731. (in Chinese)

WL, BUKE, BB m S AL E ML JUa . = A ECE AL, 2006.

REAE. DLER AECARIERE [ M]. 3. PRI AL, 2011,



